Current research reveals that the oxidation by ozone is considered as an effective solution and offers irrefutable advantages in wastewater treatment. It is also well known that ozone is used to treat different types of water due to its effectiveness in water purification and for its oxidation potential.
INTRODUCTION
The intense industrialization during the last decades has caused the emergence of refractory pollutants in the environment. These substances, called bio-recalcitrant, can lead to human contamination (USEPA ; Yonar et al. ). Moreover, some of these compounds are recognized to cause cancer and mutagenic effects (François et al. ) . Among these pollutants commonly detected, we can find hormones and detergents, biocides, pesticides, phenolic compounds, antibiotics, cosmetic products and so on.
These compounds are the source of many perturbations of the aquatic fauna and present a high risk for human health (USEPA ; Rgens et al. ; Auriol et al. ) . These contaminants most of the time escape from the classical treatment of wastewater.
With the aim of preventing these different types of contaminants appearing in the environment, efficient and ecological treatment strategies were developed. Among these strategies are the advanced oxidation processes. These are oxidation-based treatments which can be grouped in four categories:
1. Chemical oxidation process in homogeneous phase (H 2 O 2 /Fe 2þ and H 2 O 2 /O 3 ).
Ozone is an unstable, colorless gas, a powerful oxidizer and a potent germicide. It has much higher disinfection potential than chlorine and other disinfectants. It is a strong oxidant that allows degradation of numerous organic substances. It reacts quickly and selectively mainly with the double bonds such as in deprotonated amines and activated aromatic compounds (Von Gunten ). Ozone is very unstable and decomposes rapidly in water. Its decomposition results in the formation of the hydroxyl radical (OH W ), which is a very strong oxidant that reacts very quickly unselectively with most organic molecules. Ozone reacts with not only organic compounds but also with nitrite and other inorganic compounds. To avoid ozone consumption it is better and suitable to have low concentrations of dissolved organic carbon and nitrite in the water to be treated. This can be obtained with a nitrification phase in the biological treatment (Papadopoulos et al. ) .
Generally the dose of ozone applied for the treatment of wastewater is in the range of 1 to 10 mg O 3 /l. This can only give a partial oxidation of the substances which can be transformed into biologically active sub-products. These can be in certain cases more toxic than the original substances, such as the formation of bromate, formaldehyde or nitrosamines (Richardson ; Hollender et al. ) . These subproducts are usually easily biodegradable (Hammes et al. ) .
Ozonation is commonly used for bacterial disinfection, oxidation of inorganic and organic compounds including taste, odor and color, and as particle removal.
Currently many methods and techniques can be used to complement or substitute biological processes and give technically efficient wastewater treatment. One of these techniques, which is the focus of this study, is the oxidation by electrical discharge (Nemmich et al. ) . This technique is competitive and can be easily implemented for wastewater treatment without the addition of chemical agents. Many studies have shown the possible degradation of organic components by electrical discharge directly in water (Sunka et al. ; Malik et al. ) . The produced electrical discharge in high potential field can generate reactive radical species in the presence of air or oxygen. One of the most important applications of the principle of this technique is the production of ozone for wastewater treatment Masuda et al. (a, b) . O 3 is an unstable gas produced by electrical discharge either in air or purer oxygen.
This results from the dissociation of oxygen molecules into atomic oxygen and subsequent collision of atomic with molecular oxygen. The ozone is a strong disinfectant with higher oxidation power. However, it is potentially toxic and explosive, which requires on site generation, safety procedure and caution for use.
The objective of this research was to study the efficiency of a new ozone generator by dielectric barrier discharges (DBD) under high voltage. This is in order to perform the application of ozone oxidation in the treatment of wastewater for the elimination of refractory pollutants to meet environmental standards, which are becoming increasingly stringent. The water collected after the electrical treatment was subjected to the analysis of different wastewater characterization parameters. More specifically the objectives of this investigation are as follows:
(i) The study of the elimination of pollutants and bacteria in urban wastewater treated, before their discharge, by DBD. (ii) The possibility for research to further develop oxidation by ozone at the industrial and commercial scales.
MATERIALS AND METHODS

Sampling
The wastewater treatment plant (WWTP) of Sidi-Bel-Abbes in the west of Algeria treats about 220,000 equivalent habitants with a classical chain of treatment. The process is composed of a pretreatment (sand and grid), primary decantation, and a biological treatment by activated sludge followed by a secondary decantation. The primary and secondary sludge are dehydrated, then evacuated to drying beds. The sampling of raw water was limited to a period of 2 hours. Five samples of 1 L were collected over 2 hours by means of a scaled glass tube at the entrance of the WWTP in the pretreatment stage. These samples were put in a glass bowl in order to get an average representative sample. They were transported in a cooler to the laboratory within the 24 following hours.
Chemical analysis
The standard methods of wastewater analysis are described by Rodier () and also in catalogs of the equipment. The pH, conductivity and turbidity are measured by a pH meter (Hanna type HI 991001), conductometer (Hanna type HI 8033) and a turbidimeter (LP2000 type), respectively. The procedure uses the standardized method and nitrites (NO 2 À ).
The dosage of heavy metals contents (Cd, Cr, Pb, Ni, Cu, Fe, Mn and Zn) was made at the laboratory. The analysis has been achieved on filtered samples, to 0.45 μm by a simple system of filtration, by means of an atomic absorption spectrophotometer M6 AA. Figure 1 shows the ozone generator used in this study, which is a DBD type of reactor equipped with a water cooling system. The inner cylindrical high-voltage electrode is an adhesive aluminum sheath inserted and glued in a glass tube.
DBD generator
The latter reacts as a dielectric barrier, with 2.5 mm thickness, an external diameter of 50 mm and a length of 300 mm. The grounded cylindrical electrode is a stainless steel tube of 240 mm in length and an internal diameter of 52 mm with discharge gap of 1 mm as shown in Figure 2 .
The ozone generator is fed with 7 kV HT voltage with a frequency of 30 kHz via a voltage transformer from AC of 220 V and a frequency of 50 Hz. Complete details on the effects of various parameters can be found in Nemmich et al. () and Ramdani et al. () .
Experimental setup of the ozone treatment system
The experimental setup used for wastewater treatment by ozone is shown in Figure 3 (a)-3(c). The contaminated water to be treated, having a volume of 100 l (5) is put in circulation by means of a water pump (4). A venturi system (3) allows the injection of ozone into the water loop. The ozonized water is considered as treated water which will be reintroduced into the reservoir in a closed circuit. The ozone is produced by three generators developed at the laboratory and assembled in series (1). They are fed by an oxygen concentrator (6) of medical Nuvo Lite Mark 5 type with a flow rate of 5 l/min. The ozone generators were fed with O 2 at a flow rate of 5 l/min, which is the same flow of ozone introduced into the reservoir for treatment with direct oxidation.
The ozone concentration in water using the three generators is 6.25 mg/l, measured with an ozone measurement instrument (Eco Sensors/USA). This concentration of 6.25 mg/l represents the maximum concentration reached by our process.
All the experiments were carried out in stable climatic conditions of temperature (20-25 W C) and humidity (60-70%). 
RESULTS AND DISCUSSION
Physicochemical analyses
The daily evolution of certain physicochemical parameters of raw water and of the treated effluent over a period of 3 months is given in Table 1 .
In this work it has been shown that the WWTP of the city of Sidi-Bel-Abbes does not have sufficient treatment techniques, e.g. chemical treatment, and has insufficient aeration in biological basin. The efficiency of the treatment depends on the time of stay of the wastewater in the basin and on the dropping speed of matter in suspension. The total suspended solids (TSS) decantation drains with them micro-pollutants and micro-organisms.
According to the results obtained, it has been observed that the wastewaters of the city are partially treated with a purification ratio of 85.53%, then discharged in the River Oued Mekerra, meeting untreated waters which are not linked to the WWTP.
In summary, even with a reduction of micro-organisms and micro-pollutants during the biological aerobic treatment with activated sludge, the treated water coming from the WWTP is highly charged with pathogens. In order to solve the problem of pollution and its impact on the environment and human health, we suggest the addition of a quaternary ozone treatment at the station of purification.
Impact of ozonation on the effluent water quality
The results of the present study quantify the response of wastewater effluents through many key parameters of ozonation. The reductions of these parameters in the samples used for test with ozone have been carried out for a period of 30 min for the physicochemical parameters. A series of analyses were carried out for treated wastewater in order to evaluate the effect of the treatment by ozone and to optimize the efficiency of the process.
Treatment effect on the pH
The evolution of pH during the ozonation treatment is shown in Figure 4 . The pH increases in the first 15 min of the treatment and stays constant afterwards at pH 8.43. The pH values of the effluent (from pH 7.51 to 8.43) tend towards alkalinity, which is mainly due to the carbonate and bicarbonates ions present in water. They constitute excellent traps for the free radicals which slow down the decomposition of ozone. The increase in the pH can be attributed to the accumulation of bicarbonates as a result of organic matter mineralization, with the formation of CO 2 leading to the shifting of the acid-base equilibrium to HCO 3 (Nomoto et al. ; Kitayama & Kuzumoto ) . 
Treatment effect on the turbidity
Turbidity informs indirectly about the presence of microorganisms. The higher the content of particles in water, the more probable it is to find micro-organisms (Robson & Rice ) . Among the water quality parameters measured in this study turbidity showed the greatest reduction as shown in Figure 5 , with initial value of 68 decreasing to 5 nephelometric turbidity unit (NTU). This decrease is due to the rapid reaction of turbidity along with molecular ozone. The turbidity reduction is observed after 15 min; this may be due to the destruction of the large organic molecules which are difficult to degrade by ozone and their transformation into smaller organic molecules that are readily biodegradable. The value obtained at the end of treatment was 3.9 NTU, which is much lower than the Algerian standard of rejection of 50 NTU (Miltner et al. ) .
The effect of treatment by ozone on COD
The COD is one of the parameters of the quality of wastewater. It represents the amount of oxygen required to oxidize all organic matter contained in the wastewater (Bliefert & Perraud ) .
In this study the concentration of COD is an important parameter used to evaluate the pollutants of wastewater. Previous studies have shown the high reduction of COD during ozonation (Beltrán et al. ; Grosclaude ). Figure 6 shows the reduction of the COD with respect to time during 30 min of treatment. The initial decrease of COD is due to the degradation of cyclic compounds. Afterwards the reduction slows down due to the degradation of aliphatic compounds, which require higher energy than the cyclic compounds (Alvares et al. ).
The COD reduction in the effluent finds its explanation in the good performance of the treatment technique. In addition, the value of COD after ozonation (85.2 mg/l) remains very low compared to that after biological treatment (210.29 mg/l). We also note that the COD obtained, after ozonation, remains lower than the Algerian standard of rejection (120 mg/l) (JORA ), and thus the World Health Organization standard (90 mg/l) (OMS ).
The previous application of ozone treatment allows a significant improvement of COD reduction following the biological oxidation (Beltrán et al. ) .
Treatment by ozone effect on the BOD 5
In this study the BOD 5 is used to quantify the biodegradable fraction of carbonized and organic pollutants in wastewater. It is noticed that the BOD 5 concentration decreases from 65.7 to 29 mg/l after 30 min of ozonation treatment as shown in Figure 7 . The improvement of the biodegrability induced by ozonation has been mentioned by many works in diverse wastewaters (Yu & Yu ; Tosik & Wiktorowski ) .
In the first stage of ozonation, the improvement in biodegradability has been attributed to formation of smaller oxygenated species more suitable to microbial attack and possibly to the reduction of compounds with bactericidal proprieties (Rivas et al. ) . These results show the increase of biodegrability of organic matter considering that the residual concentration of BOD 5 (65.7 mg/ l) stays higher than the Algerian rejection standard (35 mg/l) (JORA ) and WHO standard (30 mg/l) (OMS ) as well as the extreme standard for water for irrigation (30 mg/l).
The load of biodegradable organic matter after ozonation (47 mg/l) and biological treatment (65.7 mg/l) is due to the abundance of the bacterial population responsible for this elimination and to the decrease of the oxygen content due to its consumption by micro-organisms (Bliefert & Perraud ) . The ozone acts on the longest carbonized chains with difficult biodegrability. It breaks and transforms them into acid organic chains which are difficult to biodegrade by chemical oxidation but easily degradable by biological oxidation.
The COD/BOD 5 ratio value for municipal raw wastewater is in the range of 1.25 to 2.5 (Markantonatos ). Variations in the wastewater biodegradability were measured by the COD/BOD 5 ratio. The value of COD/ BOD 5 ratio for the raw wastewater was 2.36 and increased to 3.20 after treatment in the WWTP.
A COD/BOD 5 ratio in the range from 3 to 7 indicates that the wastewater is moderately biodegradable. A treatment process that will reduce the chemically oxidized organic part is required, in order for the wastewater COD/BOD 5 ratio to reach the 'biodegradable' range (COD/BOD 5 < 3) (Hsieh et al. ) . The ratios found during treatment decreased to 3.13-2.46 in the final sample, indicating that the organics had a significantly higher degree of oxidation after ozonation.
Determination of the heavy metals removal
The analysed substances were selected with respect to their occurrence in wastewater (Martin Ruel et al. ) according to their physicochemical properties (mainly nonbiodegradable substances and hydrophyls) as well as for their toxicity and regulation. It was taken into consideration their limit of quantification as well as the availability of a reliable analytical method. In this work we have considered the determination of the following elements: Cd, Cr, Pb, Ni, Cu, Fe, Mn and Zn, which are the most studied heavy metals in surface waters. Even at low concentrations, these elements can have important ecological and sanitary impacts.
The analysis of the wastewater treated at the WWTP exit reveals the absence of Pb, Cd and Ni, and the presence of Fe, Zn, Cu, Cr and Mn as shown in Figure 8 .
The obtained data show that the ozonation offers good results. Certain inorganic substances are well oxidized by the ozone process. Figure 8 summarizes the main results obtained in term of efficiency in eliminating micropollutants with respect to conventional (primary and secondary) treatment of domestic wastewater (>80%). The efficiency of these processes for the elimination of the different classes of micro-pollutants in the discharged effluent by the municipal WWTP had been demonstrated by Huber et al. () and Margot & Magnet () . From this study the ozone process seems to be a competitive solution.
Reactions of micro-pollutants with OH radicals are thus more affected by the quality of the wastewater than direct ozone oxidation (Wert et al. ) . This could explain the high removal variation observed for compounds with low ozone reactivity.
MICROBIOLOGICAL ANALYSES
The nature of the microbial population is diverse in wastewater. The bacteria are usually searched for in water as indicators of fecal contamination (Gaujous ) .
The World Health Organization has selected many indicators meeting certain requirements. This concerns the coliforms, group D fecal Streptococcus (FC), Escherichia coli (EC), Salmonella (SM) and sometimes Clostridium perfringens. Water can play the role of a vector of potentially dangerous microbial agents such as SM, choleric vibrions and parasites (Davenport et al. ) . Fecal coliforms (FC) and EC were chosen as standard fecal indicators in this study, because they are usually regulated for wastewater discharge or reuse (Hammes et al. ) .
The evolution and abundance of pathogen germs (FC, total coliform (TC), FS, SM and EC) during the treatment by ozone is shown in Figure 9 . According to Figure 9 the results of the treated wastewater analysis reveal the presence of indicators of fecal contamination and certain pathogen germs. It appears the used biological treatment in the WWTP is not efficient for destroying the germs. The obtained results can be explained by the fact that the biological treatment used in the WWTP favors bacterial growth to degrade the carbonized pollution and by the lack of disinfection treatment necessary to destroy pathogen germs. The wastewater is also considered as an optimal environment for microbial proliferation.
Treatment effect on the TC, FC, FS, SM and EC
After 5 min of treatment a loss of FC viability equivalent to À1.78 log CFU/ml was recorded, corresponding to an inhabitation speed of À0.0595 log CFU/h. The inhibition accentuates after 10 min of cell exposure to DBD treatment, showing an inhibition percentage of À73.70%, equivalent to an inhibition speed of À0.448 log CFU/h. After 15 min of treatment the total inhibition of the FC is observed. It is noticed that this treatment has exerted an effect of total inhibition on TC only after 20 minutes. We notice the high reduction of EC during the first 10 min, which is equivalent to À4.41 log CFU/ml (À76.14% of cells). In fact, the effectiveness of the EC inactivation becomes important in the presence of ozone. However, studies have shown damage in the cell membrane and to the constituents of nucleic acids (DNA) during its inactivation, which can occur only at very high concentrations of ozone (Masuda et al. a, b) .
The inhibition action of ozone with respect to FS continues to drop after 10 minutes of treatment by À1.36 log CFU/ml (representing À72.81%) of the recorded biomass with an inhibition speed of À0.1316 log CFU/h. This inhibition was very important (À100% loss of viability) at the 15th minute, reaching a total inhibition. The search for SM revealed its presence (3.58 log CFU/ml) in the biologically treated water (at 0 min) while we observed its total inexistence in the water treated by ozone after 15 minutes of contact.
The efficiency of disinfection depends on the DBD, the turbidity, and the number and types of micro-organisms present in the effluent (Stampi et al. 2002; Kitis 2004) . Our results show that this good inactivation of bacteria is due to a high reduction of these different parameters, particularly the turbidity, which can increase the rate of disinfection. The process contributed to the total reduction of these bacteria, which consequently became unable to develop their immunity with the presence of ozone (Hans et al. ). A comparison was also made on the ratio of bacteria between the treated water by ozone and that of the wastewater inactivation treatment station. The most important inactivation is obtained by the process of treatment by ozone as is shown in Figure 9 . The proportions of inactivation observed in this study show that the process of treatment used creates certain efficiency in the bacterial disinfection with respect to the process of the purification treatment station, in particular for EC (Gamage et al. ) .
The wastewater treatment by ozone, besides being a very good performing process, does not generate any toxicity and hence improves the quality of the effluent (color, nitrites, COD, TSS). A reduction of TC, FC and FS of more than 3 log CFU/ml was observed by Legnani et al. () for a treatment by ozone (for 20 min contact time) Ramdani et al. () .
CONCLUSION
One of the main objectives in this study is the design and construction of an ozone generator used for building a test bench for water disinfection experimental study at a laboratory scale.
It aims also to describe in some detail the water treatment procedures by ozone. This treatment system with ozone produced by DBD has allowed the study of its effect on the degradation of organic and inorganic matter found in the WWTP of Sidi-Bel-Abbes. The treated samples of wastewater showed the significant oxidizing action of ozone, characterized by a significant deterioration. This provides better degradation rate for a short period of 15 minutes of treatment with low energy consumption. However, this significant inactivation shows the effectiveness of the degradation of the physicochemical parameters. The bacteriological analysis shows the quasi-complete disappearance of pathogen agents in the wastewater. The study shows the efficiency of the ozone treatment process, which may be considered as an alternative or a complement to the one used in the WWTP.
